In normal adult males, about 25%o of the body iron content is in storage depots (1) . This iron exists in two forms: as a diffuse soluble fraction called ferritin, in which the molecules are dispersed, and as insoluble aggregates of hemosiderin, which can be visualized by conventional microscopy (2) . Although the liver is regarded as the chief storage organ, chemical analyses suggest that it normally contains up to 300 mg (3) (4) (5) , which is only between one-quarter and one-third of what can be mobilized from total stores when healthy young males are repeatedly phlebotomized (6) . Although little is known of the quantities present in other organs, hemosiderin can be seen in the reticuloendothelial cells of the bone marrow (7) and spleen (8) , and there is some chemical evidence to indicate that significant amounts of storage iron may be present in skeletal muscles (9, 10 ).
The present study was undertaken to find out how much iron is normally stored in the reticuloendothelial cells of the bone marrow and to define the extent to which these stores can expand when iron overload is present. In addition, a comparison was made between the concentrations of iron present in the bone marrows and livers of subjects with varying quantities of storage iron.
MATERIALS AND METHODS
Clinical material. The total iron stores present in bone marrow were estimated in 61 adult subjects undergoing thoracotomy. Forty-one were white and the remainder were Bantu. The individual diagnoses are shown in Table I .
The chemical concentrations of storage iron were estimated in the livers and bone marrows of adult Bantu and white subjects dying in the hospital. The Bantu * This work was supported by grant AM04912-02 from the National Institutes of Health and by a grant from the Council for Scientific and Industrial Research, South Africa. specimens (58 males and 44 females) were obtained from Baragwanath Hospital, Johannesburg, and the white specimens (25 males and 28 females) from the General Hospital, Johannesburg.
The use of radioiron as a marrow label. When a tracer quantity of radioiron is injected intravenously, most of it is taken up by the red-cell precursors of the bone marrow (11) . This iron is subsequently released over the next few days as part of the hemoglobin of new red cells, and the percentage present in circulation at 10 to 14 days has been used as a measure of the fraction initially taken up by the bone marrow (12) . If a specimen of bone marrow is therefore removed between 18 and 24 hours after the injection of the radioiron (i.e., at a time when marrow activity is maximal, and circulating activity is negligible), it is possible to use the Fe' as a label for relating values in the sample to the total marrow. This principle, which has previously been employed for estimating the total number of cell precursors (13) (14) (15) , was used in the present study as a means of calculating the total amount of storage iron present in the bone marrow. To do this, we must assume that the reticulum cells containing storage iron are fairly evenly dispersed throughout the erythroid marrow.
Isotopic techniques. Subjects undergoing thoracotomy were given between 5 and 10 /Ac high specific activity Fe"9 citrate intravenously between 18 and 24 hours before surgery. A weighed sample of this solution was set aside as a standard. Blood samples were collected over the next few hours, and plasma volumes were then calculated from the line of clearance of radioiron as described previously (16) . The total blood volume was obtained from the plasma volume and packed cell volume corrected for the body: venous hematocrit ratio at an altitude of 5,900 feet (17) . With this approach, the mean figure for blood volume in the group was 68.2 ml per kg (SD, 10.7).
The rib removed at operation was squeezed dry, and the marrow so obtained was weighed and counted for radioactivity in a well-type counter. The amount of storage iron present was then measured chemically (see
Chemical methods).'
Blood samples were collected from all the subjects 10 to 14 days after the injection of radioiron. The total percentage of injected radioactivity in circulation was then calculated by using the estimation of blood volume obtained from radioiron data on the first day of the study. The mean figure for the group was 83% (SD, 10.7). On the assumption that the radioiron present in circulation at this time was in the marrow 18 to 24 hours after the original injection, it was then possible to obtain a measure of the total iron stores present in bone marrow.
Marrow iron stores = (fraction of injected Fe' in circulation at 10 to 14 days X counts injected/counts in sample) X nonheme iron in marrow sample.
Chemnical Methods. The quantity of nonheme iron present in specimens of marrow was estimated by a modification of the method of Brilckmann and Zondek (18) . Four ml saturated sodium pyrophosphate was added to the marrow and sufficient 20%o trichloroacetic acid to give a final volume of 10 ml. (In this calculation the specific gravity of the marrow was assumed to be 1.0). After thorough mixing, the tube was heated in a water bath and was maintained at a temperature of 800 C for 10 minutes. During this time the solution was stirred frequently. After cooling, the mixture was filtered and an iron estimation was carried out on a sample of the filtrate by use of the thioglycolic acid method (19) .
The validity of the whole procedure as a means of separating heme from nonheme iron was established in preliminary studies with solutions of hemoglobin and ferritin and suspensions of hemosiderin granules. The concentration of total iron present in each formalin-treated sample of liver was estimated as described previously (8) . In addition, the concentration of heme iron was estimated on a separate sample of liver, and the concentration of storage iron was then obtained by subtracting this result from the figure for total iron. This proved somewhat difficult as there are no simple, described techniques for the quantitative estimation of hemoglobin iron in formalin-treated tissues. The method eventually devised was as follows. Approximately 1 g formalin-treated liver was blotted and weighed. The sample was then cut into slices and placed in a 50-ml volumetric flask. One-half ml of the detergent sodium alkyl sulfate 1 was added, and the flask was made up to volume with 1 N sodium hydroxide. The addition of the detergent ensured a clear final filtrate. The flask was placed in an oven at 560 C for 18 hours. After cooling, the solution was filtered, and the optical density of the alkali-heme was determined by using an Evelyn colorimeter with a 540 filter. The concentration of hemoglobin iron present was then read from a calibration curve constructed with hemoglobin solutions of known iron con-tent which had been treated in the same way. With this technique, reproducible calibration curves were obtained on solutions of hemoglobin that had been stored in formalin for as long as 3 months.
In an attempt to establish the specificity of the method, estimations of hemoglobin iron were carried out on deeply jaundiced livers obtained from rats in which the bile duct had been tied several days previously. The results were no higher than in normal rats. In addition, the fact that concentrations of heme iron were in the same range as those obtained by other methods on fresh liver specimens (9, 22) 
DISCUSSION
Estimates of the amounts of iron present in stores have been made in different ways. When normal subjects are repeatedly phlebotomized, the red-cell deficit is corrected by mobilizing iron from stores. Calculations from such data indicate that the total stores in healthy young males vary between 1,000 and 1,500 mg (6) . Although data derived from an isotopic dilution technique have given a mean figure of only 600 mg in man (24) , these discrepancies are not surprising, since the response to repeated phlebotomies is a measure of the total mobilizable stores, whereas the isotopic technique is only a measure of miscible stores.
The major sites of storage iron in the body have been demonstrated by using both histological and chemical methods. The liver normally contains up to 300 mg, and significant quantities are present in the reticuloendothelial cells of the bone marrow (7, 25) and spleen (3, 8) . In addition, there is some chemical evidence to suggest that significant amounts of storage iron may be present in skeletal muscles (9, 10) . There is, however, little quantitative information on the total amounts of iron present in organs other than the liver and spleen.
In the present study, an attempt was made to estimate the total amount of storage iron in the bone marrow. This was done by adapting an isotopic dilution technique which has been previously used for gauging the number of cell precursors in bone marrow (13) (14) (15) . The data obtained with this technique indicate a mean figure for marrow storage iron of 288 mg in white males and 99 mg in white females. Some of the individual values must certainly have been modified by the diseases from which the subjects were suffering. For example, the highest figures in males were obtained in subjects with cancer, while the lowest results were in subjects with hiatus hernia and a history of previous gastrointestinal hemorrhage. In spite of these qualifications, it is felt that the results obtained are probably a fair reflection of the findings in the general population, as the mean values in the 7 males and 9 females suffering from uncomplicated mitral stenosis, with no signs of rheumatic activity, were very similar to those in the whole group, i.e., 256 mg and 70 mg, respectively. All these subjects had hemoglobin levels above 13 g per 100 ml, and only two, both of whom were females, had ever donated blood (2 and 5 pints, respectively). The wellmarked sex difference, which is probably a reflection of the increased losses of iron via menstruation and pregnancies in females, has also been noted previously in histological assessments of bone-marrow iron (26) and in chemical estimations of liver iron concentrations (9, 27) .
Figures for storage iron in Bantu subjects were a good deal higher than in white subjects. The mean figure of 1,629 mg in Bantu males was approximately 6 times the value in the white subjects, and the highest figure obtained was 17 times greater. Although the majority of these subjects were suffering from sepsis, the relative hemosiderosis that is so often a feature in chronic infection would not be expected to raise reticuloendothelial stores to more than about twice normal (28) , and the very high values obtained therefore represent an absolute increase in the body iron content. This fits in with several previous studies that have demonstrated a high incidence of varying degrees of iron overload in the adult Bantu population of Southern Africa (8, 22, (29) (30) (31) . The excess iron in these subjects is largely derived from the containers used for the preparation of alcoholic beverages (32) . In most individuals, the iron is almost exclusively stored in the liver and in the reticuloendothelial system of the body (8, 29) .
In an extension of the initial investigation, specimens of bone marrow and liver were obtained at necropsy from white and Bantu subjects in order to compare the concentrations of storage iron present in the two organs. It was of considerable interest to find that the concentrations of iron were very similar in subjects with depleted stores, normal stores, and all degrees of iron overload. Although it is not possible to translate the necropsy data into accurate figures for the absolute amounts of storage iron present in bone marrow and liver, some idea of the relative capacities of the two organs can be obtained from the isotopic data. Calculations from these results gave a mean figure for the total marrow weight of about 1,200 g, which is in the same range as the normal liver weight. This suggests that the liver and marrow have a capacity to store iron that is of the same order. Although the relationship probably holds true when iron stores are normal or moderately increased, there is usually significant hepatomegaly when gross degrees of iron overload are present (3, 5) , and the liver's capacity is therefore increased. In quantitative terms, the highest marrow iron concentration obtained in the autopsy study was 8,647 jig per g. If it is presumed that the total marrow weight in this subject was 1,200 g, then the total marrow iron stores must have been approximately 10 g. This is about half the amount usually present in the liver in idiopathic hemochromatosis (3, 5) .
One final point is worthy of comment. In the past, the histological assessment of hemosiderin in the reticulum cells of marrow particles has been widely used as possibly the best method for assessing the status of iron stores in an individual (7, 26, 33, 34) . In the present investigation. a comparison was made between histological gradings and chemical estimations of storage iron in the marrow. The good agreement obtained over a wide range of iron concentrations further confirms the validity of the histological assessment of marrow particles as a useful means of gauging the size of reticuloendothelial stores. 
